/n and tDepartamento de Genét/ca, Facultad de B/o/ogIa, Un/vers/dad Comp/utense de Madrid, E-28040 Madrid, Spa/n Twenty-eight progeny analyses (PAs) performed on specimens of E. plorans collected from four natural Iberian populations have been informative about the transmission of rare B chromosome types or the de novo origin of some of them. At least ii rare B-types have been found in addition to the predominant ones: B1 in Daimuz, B2 in Jete and Salobreña, and B5 in Fuengirola. The presence in two controlled crosses of one embryo carrying a B-type which was absent in the parents suggests that these B variants (B20 and B ) have originated de novo. Eleven other PAs suggest that new B derivatives are recurrently arising in these populations. The most frequent B chromosome mutation was centromere misdivision that originated four different B-types (B2m1, B110, B210 and Bmjnj). Other rearrangements were pericentric inversions (B211, B212 and B213), inverse tandem fusion (B211), centric fusion (B11) and deletions (B2d1 and B2d2). The four B derivatives produced by centromeric misdivision are significantly eliminated during sexual transmission, most probably owing to deficiencies in the control of chromosome movement by their hemicentromeres. Those derived from translocations showed Mendelian transmission but deletion B variants showed a tendency to elimination. Our results suggest that B chromosome substitution of B1 by B2 in the Salobreña and Jete populations could be achieved by differences in relative transmission efficiency, as in one controlled cross, where the female carried 1 B1 plus 1 B2, B2 was significantly overtransmitted and B1 eliminated.
Introduction
B chromosomes constitute one of the most intriguing polymorphisms present in a large number of natural populations of plant and animal species (Jones & Rees, 1982) . Some properties of Bs have been investigated, mainly from the cytological point of view, although questions about their origin and their maintenance in natural populations remain largely unsolved.
One of the most striking B chromosome polymorphisms described to date is that shown by the Arana, 1990) although three types are prevalent: B1, B2 and B5. B1 is the most frequent in all the populations of the eastern (from Tarragona to AlmerIa) and western zones (Cádiz and Huelva) of distribution, and for this reason it has been considered the original B in the Iberian Peninsula (Henriques-Gil et al., 1984) . B2 is the main type in the province of Granada and eastern Málaga, and B5 is restricted to western Málaga.
The evolution of Bs implies their origin from the chromosomes of the standard complement and subsequent differentiation to their present form. Furthermore, in populations of a given species different but related B variants can also be generated and the establishment and maintenance of these variants will depend on their transmission and their effects on the fitness of B-carriers. Most Bs investigated to date show accumulation mechanisms that may be enough to explain their maintenance even though the Bs are detrimental to carrier fitness (Nur, 1977) . The three main types of Bs of E. plorans constitute an exception to this (1992) . The present paper deals with the transmission rates of rare B variants that have appeared in the populations mentioned above and demonstrates the de novo origin of some of them and their possibilities of maintenance in subsequent generations.
Materials and methods
Specimens of the grasshopper E. plorans were collected at Daimuz (Valencia), Jete and Salobreña (Granada) and Fuengirola (Málaga) . A large number of progeny analyses (PAs) were performed on controlled crosses (single or double) and gravid females, from which 28 showed the transmission mode of rare B chromosome types or else the de novo origin of new B variants. All methods employed in the present investigation are similar to those previously described (Ldpez-León etal., 1991 , 1992 .
Seven progeny analyses were obtained by means of single (2) or double (5) crosses in which a female was mated to one or two males, respectively. Two double crosses were made by substitution so that they are separated into two independent PAs, one for each male, according to Ldpez-Ledn et al. (1991) . In the remaining one, both males were placed simultaneously with the female and the frequency of mating exhibited by each male recorded, for which purpose one of the males was marked on the pronotum with nail varnish. The other 20 PAs came from females collected in the field when they were gravid. The effective paternity displacement existing in E. plorans (López-León et aL, 1993) means that gravid females may be considered as controlled crosses because the constitution of the parental male can be inferred from the offspring with a high degree of confidence on the basis of Mendelian transmission exhibited by B1, B2 and B5 chromosomes.
PAs are coded as C (single crosses), DC (double crosses) or 9 (gravid females), followed by the code number, the initial of the population (D, J, S or F) and the year of sampling.
Results Figure 1 shows the C-banding pattern of all types of Bs found in the progeny analyses (PAs) performed in this work. They are in addition to the standard complement of 22+ Xci/22 + XX9 chromosomes.
The three main Bs show the following characteristics:
(1) B1 shows two similar sized C-bands on the long arm, the light distal region being conspicuously larger than the two C-bands as a whole.
(2) B2 in Daimuz also shows two C-bands of similar size on the long arm but in the Granada populations Fig . I Three main types of B chromosomes in E. plorans: B1 from Daimuz (Valencia), B2 from Daimuz (the first), B2 from Salobrefla and Jete (Granada) (the second) and B5 from Fuengirola (Málaga) together with 13 other B variants found in these populations. Bmjnj of at least two different sizes were found, which indicates that this is a heterogeneous category. the interstitial band is larger than the proximal one.
The main difference between B2 and B1 is the smaller size of its light distal region. (3) B5 is an acrocentric chromosome similar in size to but with a much larger C-band near the centromere and smaller light distal region.
In addition to these three main types, 12 other derivatives have appeared in the four populations sampled. The number of B variants is very high (more than 40, with those described in the present paper) so that it is necessary to codify their names properly in order to avoid confusion. We propose that each B variant should be named by the number of the main B from which it is presumed to have been derived, followed by the initial of the chromosomal mutation from which it arose and an order number. For example, B212 means that this B type is derived from the B2 through an inversion and that it is the second B variant risen from this type of rearrangement.
Besides B1 and B2, in Daimuz two other B variants appeared: (1) B110, which is an iso B1 derived from centromere misdivision and subsequent chromatid non-disjunction. This B type was originally described as B12 by Henriques-Gil etal. (1984) . (2) Bmjnj, which is small, about the size of the short arm plus a hemicentromere, and has also arisen through centromere misdivision. This B-type must be heterogeneous as mini Bs can be derived from many other B variants, specifically from any Bs possessing a short arm.
Nine other B-types have appeared in Granada populations besides B1, B2 and Bmini:
(1) B2m1 is a B2 that has lost the short arm as a consequence of centromere misdivision. It could also have arisen from deletion of the short arm but the propensity of B2 to suffer centromere misdivision generating B210 and Bmjnj chromosomes with low transmission rates, as we will see later, indicates that B2m1 is most probably derived from misdivision as it also shows a marked tendency to elimination. (2) B211 shows part of the light distal zone of the long arm located on the short arm as the result of a pericentric inversion. (3) B212 shows the entire light distal region of the long arm located on the short arm. (4) B23 in which the proximal C-band is very small and the remaining long arm has changed its order, C band material being distally located and the light zone being interstitially located. (5) B2d1 is a B2 without the light distal region which has been deleted. (6) B2d2 has lost the interstitial C-band and part of the light region. (9) B2111 is the result of an inverse tandem fusion between two B2 chromosomes with the loss of the centromere and the short arm in one of them.
Finally, one B variant appeared in Fuengirola besides B5 and Bmjnj: B51 which shows the C-banded region located at the end of the long arm as a result of an intrachromosomal translocation.
Inheritance of rare B chromosome variants
The results of all the progeny analyses are shown in Table 1 . Details concerning them are the following. In 943J90, the female lacked Bs and the male presumably possessed lB1 which was slightly, but not significantly, undertransniitted (transmission rate, K=0.364). The 931J90 female carried 1 B2 and the inferred male lB1 + 1B2, both Bs being transmitted according to a Mendelian ratio. The 924S90 was the third progeny analysis in which the male parent presumably carried a B1 accompanied, in this case, by the B2m1. Both Bs were significantly eliminated.
The four remaining progeny analyses showed B1 transmission by the female side. The female 96S87 carried lB2 that was binomially transmitted (K = 0.559). Its progeny also showed the presence of one B210 in 35.6 per cent of the embryos so that it may be inferred that the male parent probably carried 1 B2110 which was significantly undertransmitted. The three remaining progeny analyses correspond to two double crosses in which the female parent carried lB1 plus lB2. In DC1OJ89a, the male parent carried 1B2, so that the mean numbers of B2s (1.024) and B1s (0.595) in the offspring were consistent with Mendelian expectations (1 and 0.5, respectively). In DC1OJ89b the same female as in the preceding PA, now crossed to a OB male, again transmitted her B1 and B2 in rates consistent with binomial expectations (0.523 and 0.538, The last progeny analysis in which B1 transmission could be analysed is DC3J9O. As Table 1 shows, B1 was carried exclusively by the female and the mean number of B1 chromosomes among the progeny (0.362) showed significant elimination through the female(Z = -2.97, P<0.05). B2, however, was carried by the female and also by one of the two males placed with her. Both males copulated with the female and so paternal B2 inheritance cannot be analysed with confidence. Maternal B2 transmission, however, could be ascertained because the two latter egg-pods laid by the female contained 35 haplo-diploid embryos produced by accidental thelytoky. The number of B2 chromosomes in the haploid cells of these embryos should correspond to the number in ova (0.629, see Table 1 ). If this figure were assumed to be valid for the 116 ova produced, then this transmission ratio showed significant B2 accumulation (Z=2.77, P<0.05). Hence, this female showed significant tendencies to B2 accumulation and elimination.
Bmjnj. Two progeny analyses (942J90 and 9109J90) comprising a gravid female and her offspring showed the transmission of the Bmini chromosome. Both females, but a significant minority of her offspring, carried the Bmini chromosome (Table 1) . As a whole, only 7 of 64 embryos analysed from both females carried the Bmjnj so that its mean transmission ratio (0.109) was significantly lower than the expected one (Z= -6.26, P<0.05).
B2d1. Three progeny analyses showed the transmission mode of this chromosome. Two of them corresponded to the DC4J88 cross in which the female carried lB2 plus lB2dl, the first male lacked B chromosomes and the second male carried lB2. Transmission rates of B2 and B2d1 were consistent with Mendelian expectations (Table 1) . The other progeny analysis was 962S90 in which the female carried 2B2 and, on the basis of offspring karyotypes, the male was inferred to possess 2B2 plus lB2dl. Thus, the transmission rate (0.167) of B2d1 was significantly lower than expected.
B2d2. The only progeny analysis for this B chromosome type was performed by means of a single cross, C5J88, in which the female carried lB2 and the male lB2 plus lB2d2. This cross showed a tendency to an accumulation of B2 and elimination of B2d2 although the results did not reach statistical significance (Table 1 B511. The female 923F88 carried lB5 that was binomially transmitted. In the offspring one B511 also appeared, so it can be inferred that the male parent carried it, and that this B variant was transmitted according to Mendelian rules.
De novo origin of B chromosome variants
Thirteen PAs have demonstrated the appearance of B chromosome types that were not present in the parents, or else their presence was unlikely. Two of them were double crosses in which the new type was absent from the female and the two males crossed with her. Thus, one embryo out of 107 yielded by the DC1OJ89 female carried 1B2,0 chromosome (plus 1B1) which most likely arose by centromere misdivision and chromatid non-disjunction of the maternal B2. A female embryo mosaic showing cells with either two B1 chromosomes (plus 2B2) (Fig. 2) or with lB111 (plus 2B2) (Fig. 3) was found among the offspring produced by parthenogenesis in DC3J9O. B111 had a larger centromere region than the B210 (compare both in Fig. 1), suggesting an origin by centric fusion of two B1
chromosomes. This embryo presumably came from an ovum with IB! plus lB2 which was subsequently diploidized, the centric fusion arising in one of the first diploid cells produced.
We can be confident in these two PAs of the de novo origin of both B types whereas in the remaining 11 this • S a 4 Fig. 2 Cell from a mosaic embryo carrying 2B1 + 2B2 chromosomes. Fig. 3 Cell from the same embryo as in Fig. 2 showing 1B1f1 + 2B2 chromosomes. --possibility has to be inferred because we did not analyse the male parent. 93S90, 943S90, 947J90 and 911 5J90 showed the presence of a single embryo with one B210. On the other hand, one B110 was found in a descendant from 925D89 (Table 1) . Significantly, in 986J90 one embryo carried two very infrequent types of Bs (1B20 plus IBmini) (Fig. 4) . The probability of carrying both Bs from independent origins is 0.0014x0.0042=5.88x 10-6 (see Table 2 ), so that the expected number of embryos (among the 2091 analysed in Jete) carrying both types of Bs is 0.0 125. It is likely that in this embryo B20 and Bmjnj have a common origin by means of the same process of centromere misdivision and subsequent non-disjunction of long arm chromatids to constitute the B20. A single embryo carrying iBmini was observed in the offspring from 955J90 and 912F89. B211 and B22 each appeared in a single embryo from 962S90 and 97J90, respectively. The case of 938S90 is remarkable where one embryo carried a B variant (B2111) that has never been found in adults, so it is likely to have arisen de novo by telomere fusion of two B2 chromosomes during male or female gametogenesis.
The progeny from 91 8D89 are of special interest as four types of Bs (B1, B2, Bmjnj and B1,0) have been found (Table 1 ). The female parent was a non-B carrier so they must, undoubtedly, have been transmitted by the male side. The presence of lB1 plus lB2 in the same embryo indicates that both Bs must be present in the same male parent. The same deduction can be made from the observation of one embryo possessing 1B10 plus lBmjnj and from another embryo with lB2 plus 1B10. Consequently, it is likely that the four B types were carried by a single mosaic male parent. In this case, it was not clear what transmission hypothesis must be tested because we did not know the proportion of germ cells in this male carrying each type of B chromosome.
Discussion
Some progenies shown in Table 1 constitute a clear demonstration of de novo origin of B chromosome variants as they were carried by a single embryo in PAs whereas the parents did not carry them. These observations suggest both that new B-types are arising (i.e. B211 and B22 that were present only in embryos) and that some types of Bs are recurrently arising in each generation (i.e. B10, B210, Bmjj and B211 that were present in both embryos and adults). This indicates that the B chromosome polymorphism in E. plorans is being fed by the recurrent formation of new B variants with rates ranging from 0.0005 (B22) to 0.0021 (B21,0) ( Table 2) . This is also supported by the appearance in a gravid female from the Salobreña population (927S9 1) of a B variant (B213) that was not observed in extensive samplings of this same population in precedent generations. In plants, the origin of new types of Bs from controlled crosses and experimental populations has also been reported (Bougourd & Parker, 1979; Holmes & Bougourd, 1991; M. Jiménez, personal communication) . Henriques-Gil et at. (1984) suggested that deletions, duplications and misdivisions are the most likely mechanisms responsible for B chromosome polymorphism in E. plorans. In this work, the most frequent chromosomal mutation yielding new types of Bs was centromeric misdivision that gave rise to B11,0, B21,0, Bmjnj and B2mi (Fig. 5) . Also relevant are putative inversions (B21, B212 and B213), inverse tandem fusion (B211), centric fusion (B1f1) and deletion (B2d1 and B2d2).
This indicates that the Bs of E. plorans seem to be prone to undergoing any type of chromosomal rearrangement. Translocations between Bs and ficant that all chromosomal mutations affecting Bs depend, as a whole, on breakage at seven main points: the short arm, the centromere, a region in the proximal C-band, the secondary constriction, the joining between the interstitial C-band and the light distal region, and the mid and distal zones of the latter (Fig.   5 ).
Several chromosome rearrangements have also been proposed to explain Bs' diversity in other species. For instance: (i) B derivatives could originate as deletions and centric misdivisions in the plants Centaurea scabiosa (Frost, 1957) , Secale cereale (Lima-de-Faria, 1963) , Aster ageratoides (Matsuda, 1970) , Hypochoeris maculata (Parker, 1976; Parker et al., 1982) , Allium schoenoprasum (Bougourd & Parker, 1979) and Crepis capillaris (Parker et at., 1989) . Remarkably, the rate of centromere misdivision giving rise to iso Bs reported in C. scabiosa (1.76x l0 to 2.6X103) and H. maculata (1.33 x 10 to 1.86>< l0) was very similar to those we have observed in E. plorans (1.4 x 10 to 2.1 x 10 for B21,0; Table 2 ). (ii) Three break insertions which are indistinguishable from inversions and addition or deletion of bands could be responsible for the differences found among some of the 23 distinct G-banding B variants observed in the grasshopper Chortoicetes terminifera (Webb & Nehaus, 1979) . (iii) C-banding patterns displayed by Bs of the rodents Perognatus baileyi (Patton, 1977) and Uromys caudimaculatus (Baverstock et at., 1982) are consistent B21t1 with an evolutionary model in which additions or deletions in the C-banded regions could play an important role. As Jones & Rees (1982) have pointed out, the existence of different types of Bs within a given species is not surprising on the grounds of their relative 'inertness' because we might expect a greater tolerance to different chromosome rearrangements. It has recently been suggested (Green, 1990 ) that a mechanism like Muller's Ratchet could account for the evolution of some Bs as it would allow the accumulation of deletions and heterochromatinizations.
At this point, we may speculate about the scarcity of some B chromosome variants in natural populations, for instance B liso' B250 and Bmjnj, which are recurrently formed in each generation. The maintenance of newly arisen Bs depends mainly on their efficiency during sexual transmission and their effects on carrier fitness. Whereas the latter is unknown, it seems clear that Bs with a hemicentromere, as those which resulted from misdivision, show a very high tendency to elimination probably from a loss in the efficiency of the hemicentromere to control chromosome movement at meiotic anaphases during gametogenesis and even at mitotic anaphase during zygote cleavage divisions. At present, the reason for the tendency to eliminate Bs with deletions affecting the light distal region on the male side is not evident. It is conceivable that it may be related to some type of unknown function of the lost chromatin as the relocation of this region on the short arm (B21 and B22) or on the end of the long arm (B511) does not affect the characteristic Mendelian inheritance of B2 and B5, respectively. The increase in frequency of those B variants lacking accumulation mechanisms is difficult unless they improve the fitness of individuals carrying them, a fact that is unknown at present.
The case of the B1 chromosome found in Granada province merits special mention. Most observations suggest that B1 is the original B chromosome in the Iberian Peninsula from which the remaining Bs have derived, including some types (i.e. B2 and B5) that are much more frequent than B1 in certain localities (Henriques-Gil et at., 1984) . This indicates that a substitution of Bs must have taken place in at least two regions, namely in Fuengirola (western Málaga) where B5 is the predominant type and the province of Granada where B2 has substituted B1 (see for discussion Henriques-Gil & Arana, 1990) . In Granada province, showed a trend to elimination by both sexes although it was only significant in two of the seven PAs studied. The most remarkable fact is that in the female DC3J9O (lB1 + 1B2), B2 was accumulated and B1 eliminated, although total B transmission by this female was that expected for a 2B carrier (0.362+0.629=0.991).
The contrary situation (accumulation of B1 and elimination of B2) has not been observed as the female DC1OJ89 transmitted B1 and B2 at Mendelian rates.
Consequently, the substitution of B1 by B2 in the Salobreña and Jete populations could be based on transmission efficiency differences between both variants, B2 being favoured. If a B chromosome substitution is effectively taking place, and populations are near the complete substitution of B1 by B2, we can deduce that even hypothetical improvements of individual fitness exerted by B1 will not be enough to counteract its elimination during transmission. The evolution of this B chromosome polymorphism at Málaga and Granada provinces will be the purpose of future study.
For B chromosome polymorphisms that appear to be at or near equilibrium, it is generally accepted that selective forces acting against individuals with a high number of Bs are counteracted by cytological accumulation mechanisms (Shaw & Hewitt, 1990) . In these situations mutations decreasing the transmission of the B will be favoured. In fact, the existence of genes in the A genome suppressing meiotic drive of Bs has been reported in the grasshopper Myrmeteotettix macu/atus (Shaw et at., 1985) , the mealy bug Pseudococcus affinis (Nur & Brett, 1988) and rye (Romera etal., 1991) . On these grounds, the B chromosome polymorphism displayed by Eyprepocnemis plorans is quite unusual because the three main variants (B1, B2 and B5) showed a Mendelian transmission ratio, at least in the central areas of their distribution (López-León et at., 1992) . One of the most feasible hypotheses to explain the existence of the widespread B chromosome polymorphism in E. plorans is the existence of drive in the beginning (López-León et at., 1992) . If drive suppressor genes were to have evolved in this species, the current situation of the polymorphism might be explained by a majority implantation in different populations of allelic variants in A chromosomes responsible for the Mendelian transmission ratio observed at present. In any case, a certain coadaptation between A and B genomes appears to have been achieved. Thus, data from the present work indicate that differences in transmission rate could play an important role in the substitution of B1 by B2 in Granada populations, as postulated by Henriques-Gil et al. (1984) . Moreover, other different B variants are continuously arising, perhaps as a coevolutionary response to the challenges imposed by the host genome, thus being a reflection of the relationships that take place between A and B genomes. Whereas most of these new B variants will disappear from the populations in which they originate, owing to their low transmission rate (Table 3) , the future of others showing 
